An enzyme-histochemical study of five enzymes, namely succinate dehydrogenase (SDH), lactate dehydrogenase (LDH), cytochrome oxidase (CCO), cholinesterase (CHE) and nitric oxide synthase (NOS), was elucidated in the soft tissues of Oncomelania hupensis, the intermediate host snail of Schistosoma japonicum, before and after the treatment with a suspension concentrate of niclosamide (SCN). Following the treatment of SCN, a marked loss occurred in the activity of the five enzymes mentioned above. LDH and SDH showed their strongest activity in the buccal mass and muscular fibers, CCO in buccal mass and liver, CHE in pellicle and ganglia, and NOS in muscular fibers and pharyngeal canal. The results indicate that SCN impairs the activities of the enzymes influencing the transfer of neurotransmitter and energy supply in O. hupensis, ultimately leading to the loss of various physiological functions, which is considered to be a cause of death in O. hupensis.
Introduction
Schistosomiasis is a major tropical disease infecting over 207 million people in 76 countries with a further 779 million at risk of infection (Steinmann et al. 2006) . At present, the disease remains endemic in seven provinces of China, with a population of 66.4 million at risk and an estimated 0.7 million infected people . Controlling populations Oncomelania hupensis snails, the only intermediate host of Schistosoma japonicum, is one of the most important measures for schistosomiasis control in China (Department of Diseases Control, Ministry of Health, 2000; Utzinger et al. 2005 , Zhou 2005 ).
The only chemical available for snail control, niclosamide (WHO 1992) , has excellent molluscicidal properties coupled with low toxicity to mammals and plants. Unfortunately, this compound has limited solubility in both water and organic solvents, resulting in reduced molluscicidal activity, which might explain only limited application as a control agent (Tadros 1980 , Dai et al. 1998 , Liu et al. 1998 , Huang et al. 2003 . To overcome this issue, Dai et al. (2008) developed a novel formulation, i.e. a suspension concentrate of niclosamide (SCN), which is small in size and dispersed evenly. Also SCN can be mixed with water in any ratio and is suitable for spraying with a sprayer in various environments, such as marshland and mountainous areas. Therefore, SCN has an extensive coverage and can reach the target organisms effectively, thus improving the cost-effectiveness of this intervention. Field surveys have shown that SCN has good molluscicidal effects against O. hupensis, and it has been used to reduce the prevalence of Schistosoma japonicum (Dai et al. 2008) . However, the biological mechanism of action of SCN still remains to be investigated. It is, therefore, becoming increasingly necessary to study the activity of enzymes in the soft tissues of healthy snails and the changes that could occur in the activity of the enzymes resulting from SCN. Such a study will be of importance for the development of better and more effective molluscicides that are specific to this target snail.
A molluscicide like SCN, which is highly toxic to snails, may have stress effects on some enzymes in the soft tissues of the exposed O. hupensis. To investigate this, an enzyme-histochemical study of five important enzymes, i.e. succinate (18). The arrows show the enzymes activity. Scale bars = 10 µm (13, 15, 16, 18) and 5 µm (14, 17) dehydrogenase (SDH; EC 1.3.99.1), lactate dehydrogenase (LDH; EC 1.1.1.27), cytochrome oxidase (CCO; EC 1.9.3.1), cholinesterase (CHE; 3.1.1.8) and nitric oxide synthase (NOS; EC 1.14.13.39), was conducted. The distribution and activities of these enzymes were determined in the soft tissues of nontreated O. hupensis as well as in the SCN-treated snails to compare the results.
Materials and methods

Oncomelania hupensis
Oncomelania hupensis snails were collected from the rural marshland of Dantu District, Zhenjiang City, Jiangsu Province, China by picking them up with forceps. After feeding in the laboratory for 24 h, 100 active adult snails with 7-8 spirals were randomly divided into two groups, each containing 50 snails for subsequent experiments. The snails were placed on a mud disc (22 × 30 cm), and then shifted to a biochemical incubator at a temperature of 25°C. Snails in the experimental group were sprayed with SCN at a dose of 2.0 g/(L m 2 ); 24 h later, shells were washed with fresh water to remove any residual SCN. Snails in the control group were sprayed with distilled water. After this, all snails were cracked (Li 1956 ) and the shells removed to manipulate the soft tissues under a dissecting microscope. Undamaged soft tissues were selected for the following experiments. For the enzymes of CCO, LDH, SDH and NOS, the fresh soft tissues were frozen at a temperature of -25°C. After freezing for 30 min, 15 µm cryostat sections were cut using a freezing microtome (Leica CM1850, Germany) and pasted on 24 × 24 mm coverslips. For CHE, the fresh snail tissue was fixed in calcium formaldehyde (4 g calcium chloride added to 100 ml 4% formaldehyde solution), cooled to 4°C for 24 h, and then washed in distilled water and cut into sections.
Enzyme-histochemical techniques
The activities of CCO and LDH were determined by Zhong's method (Zhong 1989) . The activity of SDH was determined by Nachlas's method (Nachlas et al. 1957) , the activity of CHE by the "direct-coloring" thiocholine method (Karnovsky and Roots 1964) , the activity of NOS by Ben's method (Ben and Li 2001) . After rinsing in double distilled water, air drying, dehydrating in a series of ethanol, and dimethylbenzene hyalinization, sections were enveloped with neutral balata support for microscopic examination. The coloration of the tissues of the sections was observed under a microscope. The gray density values of the coloration tissues were determined using an Image Processing FR-988 (Smart Scape 2002, China).
Results
Cytochrome oxidase
This enzyme was found to be located in the buccal mass and in the liver of snails. The coloration of these organs was stronger in the control group than that in the experimental group (Figs 1-4) , and there were significant differences of the mean gray density values between the two groups (both P values <0.01) ( Table I) .
Lactate dehydrogenase
This enzyme was located in the buccal mass and in the muscular fibers of the foot muscle. The coloration of these areas was stronger in the control group than that in the experimental group , and there were significant differences of the mean gray density values between the two groups (both P values <0.01) ( Table I) .
Succinate dehydrogenase
The coloration of the enzyme of SDH, which was found to be located in the muscular fiber and buccal mass of the snail, was stronger in the control group than that in the experimental group (Figs 9-12) , and there were significant differences of the mean gray density values between them (both P values <0.01) ( Table I) .
Nitric oxide synthase
The activity of NOS was high in the muscular fiber and pharyngeal canal of the snails in the control group, the coloration of which was much stronger than that in the experimental group (Figs 13-16 ). There were significant differences between the two groups (both P values <0.01) ( Table I) .
Cholinesterase
The activity of CHE was high in the pellicle and ganglia of the snails in the control group, the coloration of which was much stronger than that in the experimental group (Figs 17-20 ). There were significant differences between the two groups (both P values <0.01) ( Table I) .
Discussion
Lactate dehydrogenase, which plays an important role in the last steps of glycolysis, showed its strongest activity in tissues known to be capable of glycolysis, such as the buccal mass and the muscles of the foot. It is the representative enzyme in the biological anaerobic glycolysis pathway (De Zwaan and Wijsman 1976 , Liang et al. 1994 , Zhou et al. 2001 , Yang et al. 2004 . SDH is a dehydrogenase related to cellular respiration and may provide the electrons for the respiratory chain directly. It can catalyze the reactions between succinic acid and fumaric acid during the tricarboxylic acid cycle and is usually considered as the marker of aerobic oxidation (Liang et al. 1994 , Tan et al. 2000 , Zhou et al. 2001 , Yang et al. 2004 . CCO, located in the mitochondrial membrane, is the terminal enzyme of electronic transfer in the respiratory chain and related to the cellular aerobic metabolism (Liang et al. 1992 , Zhou et al. 2001 . LDH, SDH and CCO are enzymes located in the mitochondrial respiratory chain, which are associated with oxidative phosphorylation. It has been demonstrated that the interaction of some compounds with the mitochondrial respiratory chain enzymes can induce conformational transitions, and these conformational transitions could result in a structural disorganization and altered function of enzymes (Weinbach et al. 1969) . Nitric oxide has been implicated as a nonadrenergic, noncholinergic inhibitory neurotransmitter at various sites in the nervous system , Grozdanovic et al. 1994 , Schuman and Madison 1994 . Its function in muscular and sphincteric relaxation has been documented in the cardiovascular (Palmer Table I al. 1987 al. , Lowenstein et al. 1994 , digestive (Bult et al. 1990, Sanders and Ward 1992) and urogenital systems (Burnnet et al. 1992 , Mevorach et al. 1994 , Bennett et al. 1995 . The enzyme responsible for the synthesis of NO from L-arginine, NOS, is expressed by a subpopulation of central and peripheral neurons (Bredt et al. 1990) . NOS is widely distributed in neutral, digestive, reproductive and cardiovascular systems (Liang et al. 2001 , Yang et al. 2003 . CHE is mainly distributed in epithelia of head and foot, respiratory epithelia of parotid duct, nervous stem, and the central core of the central nervous system of the snail. The activity of CHE in the nervous system is an important reference for the property and function of neural cells (Liang et al. 1992 , Yang et al. 2004 . In O. hupensis, CHE showed a high level of activity in the central and peripheral nervous systems of the snails, a phenomenon which may be related to the important role the enzyme plays in transfer of neurotransmitters, muscle movement and in material metabolism, etc. Though niclosamide, the only chemical compound available compound for snail control (WHO 1992) , has been used in the schistosome-endemic areas for many years, the mechanism of action of the drug still remains unclear. To investigate this, changes of actions of five important enzymes, namely SDH, LDH, CCO, CHE and NOS in the soft tissues of O. hupensis before and after treatment of SCN were observed and compared using an enzyme-histochemical technique.
After the administration of SCN, there was a marked loss in the activity of the five enzymes in O. hupensis. The inhibition of these enzymes would certainly impact supply and metabolism of energy and consequently inhibit the pathway for anaerobic glycolysis and anaerobic glycolysis in the snails. These changes might also impair or interrupt the energy supply, cumulate the toxic metabolites, leading to serious damage in cellular function and tissue structure.
The enzyme-histochemistry of O. hupensis showed that, the activities of CCO, LDH, SDH, NOS and CHE were reduced due to the effect of SCN, which influences the transfer of neurotransmitter and supply of energy in snails, leading to the disorder and loss of various physiological function, which is considered as one of reasons of death of O. hupensis snails. It should be further investigated how SCN operates directly as a toxic mechanism in the mortality of O. hupensis.
